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Abstract
The effect of contact architecture, graphene defect density and metal-semiconductor work
function difference on resistivity of metal-graphene contacts have been investigated. An archi-
tecture with metal on the bottom of graphene is found to yield resistivities that are lower, by a
factor of 4, and most consistent as compared to metal on top of graphene. Growth defects in
graphene film were found to further reduce resistivity by a factor of 2. Using a combination of
method and metal used, the contact resistivity of graphene has been decreased by a factor of
10 to 1200± 250 Ωµm using Palladium as the contact metal. While the improved consistency
is due to the metal being able to contact uncontaminanted graphene in the metal on the bottom
architecture, lower contact resistivities observed on defective graphene with the same metal is
attributed to the increased number of modes of quantum transport in the channel.
Introduction
In graphene devices, the metal-graphene contact resistivity is a limiting factor in various appli-
cations.1,2 Particularly in the case of radio frequency devices and ultra low power sensor applica-
tions, ohmic contacts with resistivity in the range of 0.2-1 kΩµm are desirable.3 Contact resistivity
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values as low as 200-500 Ωµm have been reported on exfoliated graphene and devices of small di-
mensions ~100 nm). However, on the technologically relevant Chemical Vapor Deposition (CVD)
grown graphene, the reported values are comparatively higher (0.5-104 Ωµm2,4–9). Several meth-
ods have been employed to reduce the contact resistivity in CVD graphene devices. These include
the uses of a sacrificial Al layer,10 double contacted geometry,11 UV-Ozone treatment,2 Ni cat-
alyzed etching12 and localized plasma treatment/argon bombardment.13 Absolute values as low as
~500 Ωµm have been reported. However, from a device engineering perspective it is not only the
absolute value of contact resistivity that is important but also the consistency in resistivity values
achieved by a given method of contact formation. To illustrate the current state, a summary of
the literature on the contact resistivity of Au-contacted graphene (Au is the most commonly used
contact) on Si/SiO2 and the scatter in the reported values are shown in the Fig. S1 of supplemen-
tary material. Large scatter in the measured values of contact resistivity, as seen from the plot,
is a common feature of measurements on graphene devices. For instance, a scatter of up 104(!)
between reports using the same metal-graphene combination2,4–9 as well as between devices in the
same report have been observed.
The contact resistivities reported in the literature are typically measured by using what we refer
to in this letter as metal-on-top architecture (MOTA). Fig. 1.(A) shows MOTA device schematics.
This architecture has its origins in the fact that graphene research started with micron sized exfoli-
ated monolayer flakes on a SiO2/Si substrate whose physical location had to be optically identified
prior to further lithographic processing.14 The contacts are then made on top of these flakes using
electron beam assisted lithographic processes. This fabrication flow is susceptible to there being
trapped photo-resist debris between the graphene and the metal leading to spurious contacts12,15
thereby leading to large variations (103 Ωµm4) in the observed contact resistivity. With the ad-
vent of large area monolayer graphene grown by CVD,16 the constraint of having to first identify
location is removed, allowing one to explore newer architectures such as the metal-on-bottom con-
tact architecture (MOBA) contact topology used in the current study (Fig. 1.(B)). We show that
by using MOBA, consistent contacts can be obtained with resistivities that are lower, than those
2
obtained on MOTA, by a factor of 4.
This effort at obtaining consistent contacts was initiated to ensure that a study on the effect of
growth defects on the contact resistivity of CVD graphene is statistically relevant. Their effect on
contact resistivity has been largely ignored.17 Though recent reports on artificially created defects
using ion bombardment methods and nano-particle based etching processes are available,12 they
either require complicated processing steps or lack precise control on creating defects.2 We show
that in addition to reducing the metal-semiconductor barrier height, the growth induced defect den-
sity of the graphene film also helps to reduce contact resistivity. A reduction in contact resistivity
by a factor of 2 is observed in this study for three of the most commonly used metals Au, Pt and
Pd. Thus, by using a combination of metal and method, a reduction in resistivity by a factor of 10
to values as low as 1200 ± 250 Ωµm is demonstrated within a controlled set of experiments. As
shown in the supplementary material, this is one of the best combinations yet reported.
SiO2
Metal Contact
Doped Si substrate
Doped Si substrate
SiO2
Metal Contact
Trapped debri(A)
(B)
Metal-on-Bottom
Metal-on-Top
Clean Interface
Figure 1: (A) MOTA or Metal-on-top architecture. (B) Metal-on-bottom architecture. The detailed
process flow and figures are included in the supplementary material. The MOBA process flow
precludes the possibility of there being process debri between the metal and graphene.
Experimental methods
Graphene was grown on Cu foil using CVD in two different conditions as described in the sup-
plementary material. During graphene growth, two different defect densities were obtained by
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controlling the source flow conditions as described by ?. Post CVD, PMMA (950 A4) was spin
coated on the graphene covered Cu substrate and underlying Cu was etched using ammonium per
sulphate solution. Following Cu etch, the PMMA-graphene composite was further processed by
two different methods to yield the MOBA and MOTA architectures as described below.
For device fabrication a heavily p-doped Si wafer with 300 nm SiO2 capping was used as
the initial substrate. For the MOBA, metal electrodes were first patterned on the substrate using
standard optical lithographic lift-off processes as shown in supplementary material Fig. S3. A
mild oxygen plasma treatment was performed to remove photo resist residues and provide a clean
surface to contact graphene. The graphene polymer composite was transferred on top of these pat-
terned metal pads to yield bottom contacted graphene. Since, the metal surface on which graphene
is transferred has never been covered by polymer at any stage in processing, this contact architec-
ture provides cleaner metal-graphene interface. After drying at room temperature for 8 hrs, a soft
bake on a hot plate at 180◦C in air was done to remove trapped water and improve adhesion. The
PMMA support layer was finally removed with an overnight acetone etch thereby yielding MOBA
contacts. In the MOTA process, graphene was first directly transferred on top of a clean SiO2
surface using the PMMA support layer as described previously. Following PMMA removal using
acetone, metal pads and graphene channel were patterned using standard lithographic procedures
as described in the supplementary material.
Results and Discussion
Transfer length measurement structures are typically used to measure the contact resistivity of
metal semiconductor junctions.18 Graphene channels of varying lengths were fabricated as shown
in Fig. 2.(A). The channels were made 25 µm wide to average the statistical variations in the
number of grains (usual grain sizes were 2-5 µm as shown in the supplementary material) and the
device lengths were varied from 10 µm to 50 µm in 5 steps. Since, in MOBA, the graphene is
transferred onto the metal contact pads, which are usually 100 nm thick, it is important to examine
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the region, (see encircled in red (online only) in Fig. 2 in which graphene monolayer comes off
the metal surface contacts onto the wafer to ensure that there are not tears there. SEM image of
this region is shown in Fig. 2.(B). In the inset, graphene is seen in dark contrast with the bright
metal layer at the bottom. Due to the thick support layer of PMMA used during transfer, graphene
remains intact and is defect free in this region. Also, it is important to note that graphene contacts
the SiO2 layer within 200 nm from the metal side wall making the suspended graphene region
negligible, in comparison with the large channel lengths considered.
200 nm75 μm
(A) (B)
Figure 2: Device Representation:(A) Typical TLM structure fabricated using the MOBA. 25 µm
wide channels are fabricated with lengths varying from 10 µm to 50 µm . (B) A magnified image
of the metal-SiO2 interface (see text for discussions). No tears are visible.
With the heavily doped Si as the bottom gate, each pair of electrodes in the TLM structure
serves as a source-drain contact to the graphene field effect transistors (gFET) giving rise to a
gated TLM structure. Due to the nonexistent band gap and a continuously gate tunable channel
carrier concentration (and hence the Fermi energy, E f ), a gate voltage dependent contact resistivity
is expected,19 though instances of gate-independent contact resistivities have also been reported.20
Two terminal channel resistivity vs. gate voltage (VG) characteristics of the individual gFETs with
varying lengths that constitute the TLM structure are plotted in Fig. 3.(A), with the longest one
having the highest resistance. All the devices showed clear p-type behavior (indicated by the
positive charge neutrality point (CNP) and the corresponding gate voltage VCNP) as is usually the
case in CVD grown graphene due to unintentional doping.21 The CNP and corresponding gate
voltage VCNP of all the devices were close but not coincident and were in the range of 15-20 V
(on a 300 nm oxide, 15 V translates to 0.5 MV/cm). The uniform and monotonic shift in CNP
at different channel lengths (shown in the Fig S3 of supplementary material) clearly indicates a
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uniform doping density in graphene, a hallmark of CVD grown films. To account for the non-
coinciding VCNP in the different devices, the contact resistivity of the entire TLM structure was
extracted as a function of the carrier concentration (nch) derived using Eq. (1), where Cox is the
gate oxide capacitance, n0 is the intrinsic carrier concentration and nG is the gate dependent carrier
concentration, as opposed to the normally used gate voltage. Fig. 3.(A) stacks the R-nch plots of
all the devices in the TLM structure. The black lines connect the resistivity values obtained at the
same nch on various devices and are extrapolated to obtain the contact resistivity. The extracted
contact resistivity in Ωµm is shown in the Fig. 3.(B).
nch = n0 +nG (1a)
nG = (VG−VCNP)∗Cox/q (1b)
ρch =
1√
n02 +nG2 ∗µ
(1c)
01 50 40 3020 10 021
2000
0
500
1000
1500
3500
3000
2500
Lch (
μm)
 n
0  (x1012 cm-2)
3.25
3.5
3.75
4.0
4.25
nch (x 10
12 cm-2)
2
R c
h 
(Ω
) 
(B)(A)
R
C
 (Ω
μm
) 
X103
2 1 0 1 2 3 4
Figure 3: Carrier density adjusted TLM: (A) Channel resistance Rch of gFETs (made using Au
contact pads) having different channel lengths Lch are plotted against gate dependent carrier con-
centration n0. Straight line fits made to resistances at the same carrier concentration are used to
extract the contact resistance RC (in Ω, which is later multiplied by width to obtain resistivity) by
using the Y-intercept. (B) The contact resistivity so extracted.
Figure 4 compares the contact resistivity, when Au is used as the contact metal, extracted
at zero gate voltage from the TLM structures fabricated using MOTA and MOBA. The values
obtained using similar graphene (from the same growth condition) on MOBA was not only four
folds lower in the absolute magnitude, but also in the standard deviation. This indicates that, the
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‘graphene-last’ fabrication process, used in MOBA, significantly reduces the contamination and
lithographic residues at the metal-graphene interface, thereby enabling better consistency in the
observed values.
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Figure 4: Effect of MOBA vs. MOTA on contact resistivity measured using Au contact pads and
at zero gate bias. MOBA not only has lower contact resistivity, but also better consistency in the
observed values.
While the lowest reported contact resistivity in ex-foliated graphene is 128 Ωµm,22 the typical
reported values using CVD grown graphene with Au is 790±300 Ωµm, both using MOTA.4 The
lowest absolute contact resistivity obtained in this work is 1200±250 Ωµm and it compares rea-
sonably well with the usually reported values ((1000-10000) Ωµm) in the literature.6,23 However,
a low overall contact resistivity was not the objective of this work. Rather it was the comparison
between bottom and top contacts obtained on the same platform and the effect of graphene defects.
Since, in the previous section, the bottom contacted devices showed better consistency in the ob-
served values, MOBA architecture was used to observe the effect of defect density and metal work
function difference on the contact resistivity as described below.
The effect of graphene growth defect density on the contact resistivity has been a hitherto un-
explored area despite its obvious practical importance in devices. Graphene films having different
defect densities were grown by controlling the source flow conditions as described in the sup-
plementary material, and the Raman spectroscopic studies obtained on the defective sites on two
different samples used (S1 and S2) are shown in Fig. 5. The ’D’ peak at 1350 cm−1(’D’ peak)
qualitatively indicates the number of defects in the graphene sample.24 A simple comparison of
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the peak intensities indicate that S2 has a higher defect density. From the expression developed
by ?, it is seen that S2 has an order of magnitude higher defect density than S1. The three most
commonly used metals, namely Pt, Au, and Pd with work functions 5.65 eV, 5.40 eV, and 5.22 eV
respectively were chosen to fabricate devices using the two kinds of graphene. Figures 6 shows
the contact resistivity extracted from TLM measurements. It can be seen that irrespective of the
metal used, contact resistivity is lower when the graphene film is defective by a factor of 2. In con-
trast, the sheet resistance increases with defect density, making the inverse dependence of contact
resistivity on defect density, an intriguing observation. From the ID-VG of the individual devices,
the field effect mobility was extracted and the residual carrier concentration was calculated us-
ing equation Eq. (1) (details on the extaction and fit are presented in the supplementary material).
Comparing the values obtained using the constant mobility fit, it was seen that the sample S2 with
higher defects has a mobility of 1200 cm2/V·s and a intrinsic carrier concentration of 1E13 cm−2,
while sample S1 had a mobility of 16310 cm2/V·s and a carrier concentration of 2.5E12 cm−2.
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Figure 5: Raman spectrum obtained on samples S1 and S2. The ’D’ peak intensity, which can be
used to quantitatively determine the defect density indicates an order of magnitude higher defect
density in S2 than in S1.
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Figure 6: Effect of metal work function and graphene defect density on contact resistivity. The
contact resistivity obtained at carrier concentration varying from -1.5 - 1.5 x 1012 cm−2 are plotted
for three metals namely Pt, Au and Pd in decreasing order of their metal work functions. The
values with the standard deviation are displayed as bands in each plot. For each metal, the con-
tact resistivity of graphene with two different defect densities are plotted. From the figure it is
clearly seen that under the same metal, the graphene with higher defect density has a lower resis-
tivity. Moreover, under this architecture, the resistivity shows a linear relation with the metal work
function.
The contact conductivity (Gc) of graphene has been modeled by Xia et al. 19 as follows,
Gc = (4e2/h)TMtotal (2a)
M = (∆E f /pi h¯Vf )W (2b)
Mtotal =MVG+MCNP (2c)
MCNP = (Eex/pi h¯Vf )W (2d)
Eex = h¯v f
√
pin0 (2e)
where M is the quantum number of modes on graphene, T is the transmission probability from
metal to graphene in the bulk, e is the electronic charge, EF is the Fermi level at a given gate
voltage and Eex is the Fermi level of intrinsic graphene, Vf is the Fermi velocity, h¯ is the reduced
planks constant, and W is the channel width. The quantum number of modes in graphene M is
related to ∆E f as described in Eq. (??), where ∆E f is the energy difference between the actual
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Fermi level in the system (EF ) and charge nuetrality point energy (ECNP). In intrinsic graphene,
the carrier concentration drops to zero at EF = 0 due to vanishing density of states, and the con-
ductance drops to the minimum conductance level (σ = 2e2/h¯). However, CVD grown graphene
gets unintentionally doped and is usually defective leading to higher conductance at the CNP. This
increased conductance at the CNP is due to additional number of conductance modes made avail-
able due to the defects in the sample. Hence the total number of modes in the graphene channel is
Mtotal =MVG+MCNP, where MVG is the number of modes at a particular EF , obtained as described
before and MCNP is the number of modes in the channel due to the presence of defects. If the car-
rier concentration at CNP (n0) is known, the excess number of modes at CNP can be calculated as
mentioned in equation set Eq. (2).
Using the residual carrier concentration extracted previously on both the samples and using
the Eq. (2), the Eex on the defective graphene was higher than the other by 0.3 meV, resulting
in MCNP(B) = 2 ∗MCNP(A). The contact resistivity ratio of the two samples with Pt at the CNP,
as seen from the Fig. 6, was only slightly higher than 2 indicating that the change in number
of modes(M) under the defective graphene could be the dominant reason for the reduction in the
contact resistivity in defective graphene. However, it should be noted that introducing defects to
reduce contact resistivity might adversely affect the device performance as the uniform distribution
of defects in graphene has a degrading effect on the charge mobilities.25 While such a method of
reducing the contact resistivity would benefit sensing applications, whose sensitivity improves with
defect density the film, high speed logic applications might be affected due to mobility degradation.
Hence, it is important to choose the right defect density to be introduced in the material such that
a right balance obtained between the channel resistance and the contact resistivity and thereby
satisfying the application requirements. Since such an observation is not unique to graphene, but
also many other 2D materials, these results hence offer an interesting route to further reduce contact
resistivity to atomically-thin devices by selective defect engineering. Also, in the quest to find the
most suitable material for graphene contacts, several metals have been previously explored in the
literature.7,10,26,27 There are considerable number of contradicting reports and there is no final
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verdict on the best suited material for a given architecture.8,28 As the effect of defects in graphene
on the contact resistivity was largely ignored previously, it is possible that this might be the reason
for the discrepancy. Figures 6 plots the contact resistivity vs. carrier concentration of graphene
with various metals using MOBA. At the same carrier concentration, with the graphene being the
same across different metals, Pd had the lowest contact resistivity among the three, followed by
Au and Pt. Using a Schottky contact model between graphene and metal, the barrier height can
be extracted as described by Schroder 18 . The linear relation between the barrier height (extracted
from the Rc) and the metal work function shown in Fig. 7 indicates that thermionic emission is the
dominating transport at the interface.29
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Figure 7: Plot of barrier height vs. metal work function. Linear relation between the two indi-
cates the thermionic emission being the prominent interface conductivity and thus, supporting the
evidence that the contact resistivity is proportional to the work function difference
Summary
In summary, we have extracted the contact resistivity of graphene using a minimal damage graphene-
last fabrication process leading to a bottom contact architecture. This architechture results in very
consistent contacts with low resistivities. The higher consistency allows a statistically relevant
study of other effects such as defects on contact resistivity. It was seen that on all three commonly
used materials namely Pt, Pd and Au, growth defects reduce contact resistivity by a factor of 2. Pt
with the highest work function had the highest contact resistivity and Pd the lowest
11
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